Abstract-Cognitive radios have a great potential to improve spectrum utilization by enabling secondary (unlicensed) users to opportunistically access the spectrum without disturbing the primary (licensed) users' communication. However, to assure acceptable QoS for secondary users without interfering with primary users several challenges must be overcome under physical constraints. Because of hardware constraints, secondary users can only sense a limited number of spectrum channels. Therefore a secondary user must wisely select the channels to be sensed to increase it's likelihood for successful data transmission. However if a secondary user takes up a greedy approach and disregards other secondary users in its channel selection, the whole secondary network would suffer in terms of aggregate throughput. Also because of the autonomous nature of secondary users, the search policy must be as decentralized as possible, i.e. secondary users should need almost no information of one another to operate. In this work we propose a search policy for secondary users in a cell based ad-hoc network and evaluate its performance (total primary and secondary throughput) as a function of different system parameters.
I. INTRODUCTION
The ever increasing demand for frequency spectrum has overcrowded some portions of the spectrum (e.g. ISM bands) while the majority of frequency spectrum is sparsely used both in time and frequency, [1] . In an attempt to exploit the underutilized, fixed and limited radio spectrum more efficiently, cognitive radios were introduced [2] . The prime idea is to allow unlicensed users (secondary users) access to the idle portion of the frequency spectrum without interfering (or, rather, doing so in a controlled manner) with the licensed users (primary users). Though the basic idea seems simple, this technology still faces many of challenges, technological and regulatory [3] - [5] . In order to explore opportunities and also limit the interference to primary users, cognitive radios need to periodically scan the spectrum channels. One of the key challenges in this regard is the design of wide-band detectors, [4] .
Due to present difficulties in processing multi-gigahertz bandwidth signals and reliable detection of primary users' presence, the protocol introduced in this paper is based on current technology limits and assumes that each secondary user is capable of sensing and accessing only one frequency channel at a time. Hence, secondary users can only obtain partial information about the channel state which together with inherent hierarchy in accessing the channels, imposes substantial complications in identifying transmission opportunities and differentiates the cognitive medium access control (MAC) layer from the conventional MAC layer.
One of the key issues in design of cognitive MAC is how to decide which channel to sense and how to share the idle channels between secondary users. A considerable amount of literature exists on cognitive MAC protocols [6] - [10] . In [6] and [7] an optimal strategy for dynamic spectrum access is developed by integrating the design of spectrum sensors at the physical layer with that of spectrum sensing and access policies at the MAC layer based on a partially observable Markov decision processes (POMDPs) framework. Although this protocol can well utilize the residual spectral opportunities for a single secondary user, its implementation and analytical study of its network level performance(achievable secondary network throughput) is complicated. In [8] authors present an ad-hoc secondary medium access control (AS-MAC) protocol which utilizes the resources available on only the downlinks time/frequency domain multiple access (TDMA/FDMA)-based Global System for Mobile Communications (GSM) cellular network. Through simulation it is shown to efficiently utilize the available resources, with a utilization factor from 75 to 132 percent, due to spatial reuse in the latter case. The authors of [9] proposed the dynamic open spectrum sharing (DOSS) MAC protocol, which is impractical as it requires three separate sets of transceivers to operate on the control channel, data channel, and busy-tone channel, respectively. In [10] the authors proposed schemes which integrate the spectrum sensing policy at the physical (PHY) layer with packet scheduling at the MAC layer. They analyze the throughput and the delay-QoS performances of the proposed schemes for the saturation network and the non-saturation network cases under random and negotiation-based channel sensing policy. However, their sensing strategy suffers from the fact that secondary users need to cooperate to sense the licensed channels through a preset control channel. Also secondary users select the channels to access next in the previous time slot. The problem is that there is no guarantee the channel occupancy states remain the same during two consecutive time slots. In addition, all these previous works, except the latter one, do not address the performance of cognitive MAC protocols at the network level and the effect of the decisions of each entity on the performance of the others.
In this paper we propose a cognitive MAC protocol for wireless ad-hoc networks which integrates a randomized sensing scheme to decide on which channel to scan and a p-persistent CSMA protocol to avoid collision between secondary users. The proposed sensing scheme turns out to achieve the Nashequilibrium as the number of secondary users tends to infinity, [11] and [14] . Secondary Users do not need any centralized controller or common control channel to coordinate their actions. Primary users active in each frequency channel are distributed according to a spatial Poisson process in the network cell. First, we analyze the throughput performance of the scheme under idealized system parameters and calculate the p parameter in p-persistent CSMA and the optimal number of secondary users that can coexist in the network under a p-persistent CSMA MAC protocol. Second, under general system parameters we investigate the trade-off between the probability of detecting a channel availability and the probability of collision. Utilizing the optimal detection radius (which satisfies the collision constraint set by the primary network and achieves the maximum throughput for the secondary network) we then determine the total primary and secondary throughput.
The rest of this paper is organized as follows. Section II introduces the system model. Section III investigates the ideal scenario. Section IV explores the general scenario of finite sensing and interference radii and Section V concludes the paper.
II. THE SYSTEM MODEL
Consider a frequency spectrum consisting of N independent channels with bandwidths W j , j ∈ N . The total bandwidth available to primary users is W = j∈N W j . Set N = {1, . . . , N} represents the set of channel indices. Each channel is licensed to a time-slotted primary user. The spectrum occupancy statistics of channels are independent of each other and follow a Bernoulli distribution with probability P j , j ∈ N of being active for each channel.
Channels are also available to M secondary users who are seeking opportunities to access the spectrum. Let M = {1, . . . , M} represent the set of secondary user indices. The secondary user network is also time-slotted. Data traffic arrives at each secondary transmitter in an i.i.d fashion with probability q at the beginning of each time slot. The spectrum occupancy statistics of primary channels are available to all secondary users.
Primary users are distributed in the network cell, Ω, according to a two dimensional Poisson point process with density λ. Primary receivers are distributed uniformly within transmission range of radius R p r from primary transmitters. For simplicity we assume that secondary receivers are R s r distant from secondary transmitters. Secondary users are capable of perfect detection of primary signals within radius R D and are able to sense and access only one channel at a time 1 . In Section IV we will show that even perfect detection does not guarantee collision free coexistence between primary and secondary users. Active receivers perceive interference from 1 We assumed a isotropic (spherical) model for signal propagation (non-designated) primary or secondary transmitters which are within R p I and R s I radius about them. A challenge in establishing connection between secondary transmitter and receiver is synchronization [12] and [13] . Therefore, for simplicity throughout this paper we assume that secondary transmitter and receiver are perfectly synchronized, i.e. secondary receiver knows which channel is being used by the corresponding secondary transmitter at any time.
Assuming a fixed Physical Layer scheme in all channels, the rate at which users communicate is proportional to their available bandwidth, i.e.
Where the proportionality constant s depends on the PHY signaling scheme. Therefore the maximum achievable rate in whole network is:
At the beginning of each time slot each secondary user decides on which channel to sense according to the scheme described in the following section. After sensing the selected channel, if it is found to be idle, the secondary user transmits its data packet; if not, it waits until the next time slot.
III. A SENSING SCHEME -ASYMPTOTIC SCENARIO
Assume R p I and R s I tend to infinity. In this case if any transmitter attempts to transmit in an already occupied channel (it could be occupied by either primary or secondary user pair) it will cause collision and packet loss for the active receiver. Further, assume R D tends to infinity which leads to accurate detection of spectrum opportunities for secondary users, i.e. each secondary user can tell if there is any active user (primary or secondary) in a channel with absolutely no error.
As mentioned previously the performance metric of interest is the total primary and secondary network throughput, i.e., the amount of data that is successfully transmitted per unit time.
The infinite detection radius for secondary users guarantees collision free communication for the primary network. Therefore, the expected total throughput of the primary network remains unchanged in the presence of secondary users:
Since secondary users can only sense one channel at a time, they have partial knowledge of the channel state. Let A be the set of all channels that a secondary user can access, i.e. A = {a 1 , ..., a N }. We define the sensing scheme as a probability measure P on set A. Each secondary user selects a channel to sense according to probability measure P , i.e., the probability that a secondary user selects the j th channel to sense is equal to P {a j } or P j . By exploiting such random sensing scheme, unlike deterministic policies, we give the secondary users a degree of freedom in seeking spectrum opportunities and therefore enable the secondary network to achieve a higher expected throughput.
A. A Suboptimal Sensing Scheme
In this section we introduce a simple and intuitive suboptimal sensing scheme. Let P j = 1 − P j denote the probability that channel j is idle, which is also a measure of the availability of channel j to secondary users. We introduce the channel probability assignment as
Where ρ = C p /C max represents the primary users' utilization efficiency and C j = C j /C max is the normalized data rate at channel j. By this probability association, regarding the channel selection, each secondary user gives higher weight to the channels with higher expected throughput, which means each secondary user also works in favor of his own throughput (win-win strategy). In other words, it is more likely for a secondary user to choose a channel which has higher data rate and is less utilized with respect to primary network's utilization efficiency factor ρ. Furthermore, secondary users can assign the channel sensing probabilities arbitrarily and without any knowledge about other secondary users which serves the distributed nature of secondary network better. Also it is clear that secondary users have no incentive to deviate from this scheme in order to gain possible throughput boost. Therefore, from now on we assign channel sensing probabilities as (4) . Also it can be easily proven that this probability assignment is the Nash equilibrium when number of secondary users tend to infinity [14] .
B. Secondary Network total throughput
Assume there are M secondary users each having data to transmit with probability q and channel sensing probabilities, P j , are chosen as in (4). we obtain the total secondary throughput as 2 :
where C t = N j=1 P j · C j is the maximum achievable rate for secondary network. If we consider q as the access probability in q-persistent CSMA protocol, each secondary user, knowing the number of potential users in secondary network, can adjust its access probability such that the total system throughput is maximized, (6) . In order to do so the only knowledge that secondary users need to have about each other is how many of them are competing to access the spectrum. The optimal transmission probability can be obtained as follows: 2 Due to space limitation we do not include any proofs in this paper. 
As shown in Fig.1 as the number of competing secondary users increases, in order to maintain the system total throughput, each secondary user must decrease its access probability in order to allow other users to get the chance of accessing the spectrum. Note that in under utilized spectrum case, as the number of secondary users increases up to number of primary users, each secondary user can transmit its packets upon arrival (q = 1) without having significant interference with other secondary users. Fig. 2 depicts the secondary network throughput variation with respect to the number of secondary users in two cases of fixed and adaptive access probability. Comparing Fig. 2(a) and (b) we can see that secondary network achieves the maximum throughput with less secondary users and maintain it by adjusting the access probability. This performance boost is achieved at the expense of loosing complete decentralized secondary network.
If decreasing the access probability is not an option, then as more secondary users try to access the spectrum the system performance deteriorates and total throughput declines. For a fixed access probability, q, the maximum(optimal) number of secondary users that can be accommodated into channels and still achieve maximum throughput for secondary network is as follows 3 :
IV. GENERAL SCENARIO: CELL BASED NETWORK
In this section we derive the system throughput considering the spatial constellation of users in the network cell. As mentioned in Section II, at the beginning of each time slot, a data communication by primary users is taken place in channel j with probability P j . Therefore according to coloring and displacement theorems for Poisson point processes [15] and [16] , the primary transmitters and receivers active in channel j both form a two dimensional Poisson point process with rate λP j 4 . By the same argument, active secondary users form two dimensional Poisson point process with rate λq.
At the beginning of each time slot secondary users with data to transmit choose a channel to sense according to probability distribution (4). The channel is perceived as an opportunity if no primary receiver is detected within interference radius of secondary transmitter, R s I . Although secondary users can detect perfectly within radius R D , primary receiver detection is not error free. This error is caused by the distributed nature of the network. Therefore, by assuming perfect detection for secondary users we focus our study only on the issues that distributed nature of the ad-hoc networks imposes on the performance of the system. As it is shown in Section IV-A the probability of error in detecting the primary receivers depends on the detection radius. Therefore the detection radius of the secondary users must be chosen wisely in order to enable them to communicate without violating the interference constraint imposed by primary network.
A packet transmission is considered successful if there is no primary or secondary transmitters present within radius R p I and R s I of the secondary receiver, respectively. Here we assume that no acknowledgment is required to complete a packet transmission, i.e. secondary transmitters don't retransmit the data which is lost in the channel (for instants, on-line video or audio streaming and gaming). In Section IV-B we derive an expression for probability of successful transmission. Fig. 3 illustrates three scenarios of successful and interfering data communication. In Fig. 3(a) primary and secondary user pairs communicate in different spectrum channels and since we assumed spectrum channels are orthogonal to each other both pairs communicate successfully. However in Fig. 3(b) , secondary transmitter miss detects the opportunity and interferes with signal reception of primary receiver and causes a packet loss. But since there is no active primary or secondary transmitters in vicinity of the secondary receiver, secondary receiver successfully receives data. In Fig. 3(c) primary user pair communicate without interference. secondary transmitter detect a spectrum opportunity and starts transmission, however data communication of primary users interfere with the reception of secondary receiver.
A. Primary Network Throughput and Probability of Collision
As mentioned in Section IV in order to abide by the collision constraint of primary network, secondary transmitters must transmit if and only if there is no primary receiver active within radius R s I of them. Since directly detecting primary receiver is impossible without receiver's cooperation, secondary transmitters need to base their decision on the existence of primary signal within the detection region, i.e. whether there is primary transmitter within radius R D . But there is a trade off between probability of collision and probability of overlooking a spectrum opportunity. By choosing R D = R s I + R p r we can make the probability of collision equal to zero in expense of increasing the probability of overlooking a spectrum opportunity and degrading secondary network throughput. 5 As shown in Fig. 4 with the given detection radius R D , secondary transmitter can successfully avoid collision to primary receiver by detecting Primary Transmitter 3, but it can not detect Primary Receiver 2 since it's corresponding transmitter falls outside of detection range which results in collision. However, by detecting Primary Transmitter 1, secondary transmitter refrains from transmission although the corresponding primary receiver falls outside of interference region of secondary transmitter. Moreover, due to spatial distribution of primary and secondary users in the network this effect is aggregated by the number of active secondary user pairs in the same channel.
Therefore secondary transmitters need to select R D large enough such that it guarantees the primary network collision constraints as well as refraining secondary network from overlooking too many opportunities.
Let E x (y, r) be the event in which there exists at least one user of type y within radius r of user x. Also let C R (r, θ) denotes a circle centered at polar coordinates [r, θ] with radius R and A denotes the area of region A. We can compute the probability of collision in channel j as follows:
Pr{l SU being active} · Pr{k out of l active SU choose channel j to transmit}
which is calculated as: P c|j = MqP j P cc|j (9) where P cc|j is the probability that there is no active primary transmitters in R D radius of a secondary transmitter given that there is at least one active primary receiver within it's R s I radius. In order to meet the primary network's collision constraint, i.e. probability of collision in all channel not exceeding ξ, we need to satisfy:
Which yields to selection of appropriate detection radius. Moreover, the primary network total throughput can be computed as: approximately as Using the same idea as previous section the throughput of a single secondary user can be derived as
Therefore, the total secondary network throughput can be found as:
V. CONCLUSION
We proposed and analyzed a randomized cognitive MAC protocol for overlaying cognitive network which enables the secondary users to opportunistically seek access to underutilized spectrum. Under this protocol secondary users do not need any centralized controller to operate. In order to decrease the interference among secondary users we employed p-persistent CSMA protocol for which in the ideal scenario we obtained the optimal value that maximizes the secondary network throughput. Using Poisson distributed primary network we derived analytical expression for throughput performance of overall system (both primary and secondary network) in two scenarios. Furthermore by adjusting the detection radius of the cognitive radius we managed to limit the interference perceived by primary network.
